Recent combined experiments by small angle neutron scattering (SANS) and neutron spin echo (NSE) have demonstrated that dynamic clusters can form in concentrated lysozyme solutions when the right combination of a short-ranged attraction and a long-ranged electrostatic repulsion exists. In this paper, we investigate the temperature effect on the dynamic cluster formation and try to pinpoint the transition concentration from a monomeric protein phase to a cluster phase. Interestingly, even at a relatively high concentration (10% mass fraction), despite the significant change in the SANS patterns that are associated with the change of the short-ranged attraction among proteins, the normalized short-time self-diffusion coefficient is not affected between 5 and 40 • C. This is interpreted as a lack of cluster formation in this condition. However, at larger concentrations such as 17.5% and 22.5% mass fraction, we show that the average hydrodynamic radius increases significantly and causes a large decrease of the normalized self-diffusion coefficient as a result of cluster formation when the temperature is changed from 25 to 5 • C.
Introduction
Although colloid particles in a solution are dispersed randomly without a seemingly obvious long-ranged structure like that in a crystal, they can form a relatively short-ranged ordering that is determined by their interaction potentials [1] .
These structural arrangements in a solution determine their macroscopic properties such as viscosity, osmotic compressibility, gelation/glass transition and spontaneous patterning [2] [3] [4] [5] . Therefore, the study of the structure in a colloidal solution has been very active as colloidal suspensions are very common in many pharmaceutical/chemical industrial processes.
On the other hand, the structural understanding of colloidal dispersions in solution is very challenging due to their apparently random distribution. Statistical mechanics theories have been widely applied to interpret the experimental data obtained by different techniques such as dynamic light scattering [6] , static light scattering [7] , neutron/x-ray scattering [8] [9] [10] [11] , and confocal microscopy [3, 12] . In order to understand the structure of colloidal suspensions, many efforts have been devoted to carefully describing the so-called inter-particle structure factor, S(Q), and the pair distribution function, g(r) [13, 14] . It is well known that S(Q) and g(r) are directly linked with each other. The details of the relation between S(Q) and g(r) and how to calculate them by solving the Ornstein-Zernike equation with different closure forms have already been studied in many papers for decades [13, 14] . On the other hand, S(Q) can be extracted experimentally from small angle neutron (SANS)/x-ray (SAXS) scattering data [8] [9] [10] 15] .
Very interestingly, recent research experiments have identified that when a colloidal system interacts with both a short-ranged attraction and a long-ranged repulsion, there can form an intermediate range order (IRO) structure that is typically associated with a low Q peak in SANS/SAXS patterns which is called an IRO peak [16] . Here Q is the transferred wave vector associated with a scattering experiment. Different kinds of IRO structures can be formed depending on the inter-particle potentials [16] . Among them, one of the recent interests is the formation of dynamic clusters at very high concentrations [16] [17] [18] .
Using a confocal microscope, researchers have observed the formation of clusters in poly(methyl methacrylate) (PMMA) particle solution despite the existence of the long-ranged repulsion [12] . The short-ranged attraction in this kind of system is tuned by adding non-adsorbing polymers to the solution [19] . When the attraction strength is strong enough, equilibrium clusters can be formed in solutions [12, 20, 21] . The PMMA particles can form one-dimensional rods and eventually percolate through the system to become a gel [12] . Molecular dynamic (MD) simulations have confirmed these observations too [22] . However, for much smaller particles such as lysozyme proteins, the existence of equilibrium clusters in solutions was quite controversial [17, [23] [24] [25] ] until a combined study using both SANS and neutron spin echo (NSE) demonstrated that at relatively low concentrations there are no clusters in lysozyme solutions and at very high concentrations dynamic clusters can form [18] . The short-time diffusion coefficient, D s , was studied as a function of concentration at room temperature. The authors also found that when particles form clusters, the self-diffusion coefficient is dramatically slowed down as the proteins have to move together in a cluster.
In PMMA solutions, the attraction strength is altered by changing the polymer concentration so that the cluster size is increased and eventually the system becomes a gel [26] . In this paper, we wish to tune the attraction strength among lysozyme proteins by changing temperature and subsequently to monitor the effect of temperature on both the D s and the apparent hydrodynamic radius. We define a system without clusters as a monomer phase and a system where clusters dominate as a cluster phase. We, therefore, would like to find the transition concentration from a monomer phase to a cluster phase through investigation of the temperature dependence of the self-diffusion coefficient. Previously, we have identified the monomer phase at very low concentration and the cluster phase at very high concentration by calculating the average hydrodynamic radius based on an approximated theory [18] . It is not clear whether a sample should be in a cluster phase or a monomer phase for concentrations between the two extreme cases when the calculated average hydrodynamic radius is not very large. In this paper, we show that by studying the temperature dependence effect, we can identify the monomer phase and cluster phase unambiguously even in these intermediate conditions.
Experiments
Lysozyme protein and HEPES were purchased from SigmaAldrich 8 
Theoretical background
In a colloidal solution, there are motions of both solute particles and solvent molecules that involve the dynamics in a wide range of time scales. Because the solvent molecules are typically so small that they move much faster than the colloidal particles, the solvent molecules can be considered to be in the equilibrium conditions at the time scale in which the diffusion of a colloidal particle is measurable. A colloidal particle's dynamics depend on several factors like interaction potentials, concentration, solution viscosity, and also the characteristic particle diffusion time, t [14] . Generally, when τ B t τ I , a colloidal particle is considered to be at the short-time limit. Here, τ B is the momentum relaxation time [14] , and τ I is the structural relaxation time that can be expressed as
8 Certain commercial equipment, instruments, or materials are identified in this document. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology nor does it imply that the products identified are necessarily the best available for the purpose. where R 0 is the radius and D 0 is the diffusion coefficient of the colloidal particle at infinite dilution [14] . At the short-time limit, the intermediate scattering function, S(Q, t), can be expressed as
where
S(Q) [6, 14, 28] . D c (Q) is called the collective diffusion coefficient and H(Q) is the hydrodynamic function indicating how the particle diffusion is affected by the complicated solvent flow patterns created by the motions of the colloidal particles themselves. At the large Q limit, D c (Q) = D s , where D s is the self-diffusion coefficient at the short-time limit.
In general, for a one-component system,
where η ∞ is the high frequency limit of the solution viscosity at volume fraction φ, and η 0 is the solvent viscosity. C(φ) is the correction term showing the deviation from the generalized Stokes-Einstein relation [28, 29] . Through D s , the apparent hydrodynamic radius, R h , can be extracted as
where R 0 is the hydrodynamic radius of an individual particle. The fine details of the reported approach can be found in [18] . The protein volume fraction, φ s , is calculated using the protein density reported in the literature [30] . [31] . Figure 1 shows the NSE results obtained for 10% mass fraction at 5 and 25
Results and discussion

NSE directly measures the normalized intermediate scattering function, S(Q, t)/S(Q)
From the data, we can immediately see that S(Q, t)/S(Q) at 5 • C has a much slower decay than that at 25 • C, indicating that proteins move much slower at lower temperature. The structural relaxation time, τ I , can be fairly estimated by knowing that R 0 for a lysozyme monomeric protein is approximately 17Å [32] . D 0 has been determined by dynamic light scattering to be about 10.6Å 2 ns −1 at 25 • C [18] . Hence, τ I is about 27 ns at 25 • C based on equation (1) . At 5 • C, a particle moves much slower, τ I is estimated to be around 49 ns. Therefore, in order to address the dynamics in the short-time limit, only the data points with t < 27 ns are fitted by using equation (2) although the experimental data points extend to much longer correlation times. In the supporting information (figure S1 available at stacks.iop.org/JPhysCM/24/064114/mmedia), we have also shown data points up to only about 30 ns together with the fitting. It is important to stress here that all the experimental curves at different Q values can be fitted very well using a single exponential function. Through the fitting, the collective diffusion coefficient, D c , can then be extracted using equation (2) with its asymptotical value at high Q being D s . Figure 2 shows the SANS patterns of 10% mass fraction at different temperatures. When the temperature decreases, the intensity of the main peak becomes larger and its position shifts to lower Q values that are consistent with previous observations [17, 18] . Although a peak in a SANS pattern can be due to the correlation of monomeric protein molecules for many systems interacting via hard sphere or electrostatic repulsion only, the main peak in our SANS data is actually due to the formation of the intermediate range order (IRO) structure [16] . The position of this IRO peak is roughly at ∼0.07Å −1 . The shift of the peak position and the increase of the IRO peak intensity are due to the increase of the short-ranged attraction as already demonstrated by theoretical calculations [16, 33] . Quite clearly, the decrease in temperature changes the solution structure significantly as indicated by the large change in the scattering patterns. It is important to point out that this IRO peak has been termed inappropriately the 'cluster peak' before as it was once considered to be due to the correlation of the equilibrium clusters in solutions [17, 21, 33, 34] . However, a recent study combining both SANS and NSE experiments has clearly demonstrated that the appearance of this peak can correspond to many different types of structural arrangements and is not directly related to the formation of clusters although the formation of dynamic clusters is one type of IRO structure [16] .
Concurrently with the large change of the SANS patterns which indicates a large change of the colloidal structure of the sample, we might expect that the dynamics of the systems would be dramatically affected. For this reason, we have studied the temperature dependence of D c (Q), as shown in Figure 3 for the 10% mass fraction sample. The investigated Q range is from about 0.07 to 0.165Å −1 . Because we are more interested in the self-diffusion coefficient, D s , it would be ideal to study the dynamics at even larger Q values. However, the coherent scattering intensity decreases quickly when Q increases and it would take a much longer NSE time to have a reasonable signal to noise ratio. Fortunately, it has been shown that D c (Q) normally remains almost constant for Q values larger than the IRO peak position in our cases [18] . The Q range we have chosen would be enough to extract D s without the need to measure a sample for a very long time. When the temperature decreases, D c (Q) becomes smaller, indicating slower motions. It is very tempting to attribute the slowdown of the motions to the formation of larger clusters in solution. However, because the solvent viscosity increases when decreasing the temperature, the decrease of • C may not be very accurate because there is only one point within the Q range used in the calculation. Very interestingly, D s /D 0 remains almost constant over the entire temperature range. This is in stark contrast to the large change of SANS patterns. This means that, quite surprisingly, the large change of the colloidal structure has no effect on its normalized self-diffusion coefficient. The invariance of D s /D 0 also implies that the average size of the moving units in the sample is not altered when the short-ranged attraction is increased by cooling down the solution. Equation (4) is used to estimate the average hydrodynamic radius at different temperatures. As expected, the normalized average hydrodynamic radius, R h /R 0 , is essentially not affected by the temperature change.
During the estimation of R h /R 0 using equation (4), some parameters such as η ∞ /η 0 and C(φ) have to be known or assumed. However, to the best of our knowledge, there is currently no study on the generalized Stokes-Einstein relation at the short-time limit for a concentrated colloidal system with both a short-ranged attraction and a long-ranged repulsion, i.e. the corresponding η ∞ /η 0 and C(φ) values are not available. The values determined for a concentrated system with only hard-sphere interaction can be used as a good approximation [18, 29] . This approach would tend to slightly overestimate the hydrodynamic radius. The obtained R h /R 0 with this approach is about 1.3 for the 10% mass fraction sample, meaning that the real value is expected to be less than 1.3. Although we could not quantitatively quantify how much our predictions deviate from the real value, we can still determine whether there is formation of clusters at this concentration. If there is any cluster formation at one temperature in our sample, the clusters have to be formed by attractions between individual protein molecules. When decreasing the temperature, the increased attraction strength should increase the cluster size resulting in an increased hydrodynamic radius. However, at 10% mass fraction, R h remains constant for all temperatures. Therefore, there should be no formation of dynamic clusters in this sample in all temperature ranges despite the value of R h /R 0 being slightly larger than one. Our findings at 10% mass fraction further demonstrate that it is not appropriate to strictly rely on the features observed in static measurements such as SANS to systematically predict the formation of clusters even in a relatively large protein concentration [16, 17] . It has to be pointed out also that NSE measures the ensemble average value of a sample. Therefore, we could not exclude the possibility of a very small number of dynamic clusters in this sample even though the dominating phase is still the monomer phase. Figure 5 shows the D c (Q) as a function of Q at 5 and 25 • C for the 10% mass fraction sample. These curves The position of this small local minimum is at the Q value roughly corresponding to the IRO peak position, as is clearly shown in the inset. However, this local minimum in D c (Q) should not be interpreted as due to the narrowing effect introduced by the correlated motions between equilibrium clusters, as we have already demonstrated in figure 4 that there is no cluster formation in this sample. Due to the development of the IRO structure, the colloidal solution also has special ordering at the intermediate range length scale determined by the competition of both the short-ranged attraction and the long-ranged repulsion. From the presented experimental Figure 6 . The collective diffusion coefficient is extracted from NSE data as a function of Q for 10%, 17.5%, and 25% mass fraction lysozyme solutions measured at 25
• C. The vertical lines indicate the error bars with one standard deviation.
results, there seems to be a characteristic motion that is also associated with this IRO structure. Given the small variation of D c (Q) for Q larger than 0.09Å −1 , this small local minimum will not have a large effect in the estimation of D s in figure 4 .
Since there are no dynamic clusters in solution at 10% mass fraction, we would thus like to study even higher concentrations to see if there is formation of dynamic clusters. Figure 6 shows the results for 10% mass fraction, 17.5% mass fraction and 25% mass fraction. In general, D c (Q) shows similar features that at relatively high Q values D c (Q) is nearly a constant. Overall, this feature is different from the results of apoferritin protein solutions and seems to be consistent with the results of myoglobin protein solutions studied also by NSE [36, 37] . For the apoferritin solutions with a small amount of salt, D c (Q) shows a very clear minimum at the Q value of the peak of S(Q) when the protein concentration is about 150 mg ml −1 [36] . It should be noted that the interaction between apoferritin proteins in the sample is dominated by the electrostatic repulsion only without a short-range attraction as reported in [36] . Hence, the behavior of D c (Q) in apoferritin solutions is somewhat unsurprising, as in other colloidal systems with strong electrostatic repulsion D c (Q) also demonstrates a clear minimum [38] . Therefore, the lack of a clear local minimum in D c (Q) is likely associated with a strong attraction between lysozyme proteins in solutions. However, D c (Q) in myoglobin solutions seems to lack a local minimum too at the peak position of S(Q). The data shown in [37] were only measured for a few points for Q values larger than the peak position. It is difficult for us to reach a conclusion by comparing our data with those in [37] .
We have extracted D s for 10% mass fraction, 17.5% mass fraction, and 25% mass fraction at 25 • C, and this is shown as green diamond symbols in the left panel of figure 7 . The results obtained previously are also shown in the same figure as black squares for 5% mass fraction, 10% mass fraction, 17.5% mass fraction, and 22.5% mass fraction [18] . The new results at 25 • C for the 10% and 17.5% samples are almost identical to the old results, indicating that the prepared samples are reproducible. Due to the limited experiment time, we could not measure all the samples at as many temperatures as for the 10% sample. Instead, we focused on obtaining the results at 5 • C and compared them with the results at 25 • C. D s at 5 • C for 10%, 17.5%, and 22.5% is extracted and shown as red circles in the left panel of figure 7 . The sample at 25% mass fraction had formed some crystals at the end of the experiment at 5 • C and, for this reason, the result was not considered. Different from the 10% mass fraction sample, D s /D 0 decreases dramatically for the 17.5% and 22.5% samples after the temperature is dropped from 25 to 5 • C indicating that the attraction is strong enough at this high concentration to induce the formation of dynamic clusters.
The apparent hydrodynamic radius is also extracted and shown in the right panel of figure 7 . The symbols in the right panel follow the same rules as those in the left panel. At 25 • C, by further increasing the concentration to 25% mass fraction, R h /R 0 is increased to ≈2.7. It is very interesting to compare the change of R h /R 0 at different temperatures. At about 10% mass fraction, we can see that the estimated average hydrodynamic radius is almost the same when the temperature passes from 25 to 5 • C. However, it is very striking that at 17.5% and 22.5% mass fraction, R h /R 0 increases dramatically, indicating that the average size of the moving units inside the system has increased due to the increase of attraction strength imposed by the temperature change. This conclusively confirms that at large concentrations, there is formation of dynamic clusters.
In particular, when R h /R 0 is very large (>2), we can assume that there is cluster formation in solution. On the other hand, if the value of R h /R 0 is very small, such as approximately one, we can safely conclude that the sample is still in a monomer phase. However, at the concentrations where R h /R 0 is not too large, it becomes questionable as our theory may not be so accurate. Here, we show that by studying the temperature dependence, we could further identify the monomer and cluster phases when the value of R h /R 0 itself could not help tell the solution phase of a sample. Hence we have identified that in our experimental conditions the 10% sample is a monomer-rich phase, while at higher concentrations such as 17.5% and 22.5% the samples are in cluster-rich phases.
Conclusions
The formation of different inter-particle structures in solution driven by both a short-ranged attraction and a longranged repulsion is very interesting. For PMMA particles, the equilibrium clusters have been observed directly by confocal microscope. However, due to their small size, protein molecules in solutions cannot be visualized directly. Scattering experiments have been conducted to understand the inter-particle structure in protein solutions. Although it is challenging to correctly interpret the scattering data to understand the solution structure, we have demonstrated that by combining both SANS and NSE we could identify IRO structures. It has been shown that when there is an appropriate combination of a short-ranged attraction and a long-ranged repulsion, lysozyme proteins can form different IRO structures including dynamic clusters in concentrated solutions. In this paper, in order to find the transition concentration from a monomer phase to a cluster phase in concentrated lysozyme solutions, we have studied the temperature dependence of the short-time dynamics. We show that at 10% mass fraction, despite the large change of colloid-colloid structure in solution as shown in our SANS results, the average normalized self-diffusion coefficient is not altered by changing attraction strength as a result of the temperature variation. We have interpreted this observation as there is no formation of clusters in the solution at this concentration. The structure and dynamics are solely determined by monomeric lysozyme units despite the fact that a very intense low-Q peak (IRO peak) is evident. Although the large change of the inter-particle structure has no direct effect on its self-diffusion, the mutual diffusion coefficient at low Q values is affected dramatically by the temperature change and is more sensitive to the change of the inter-particle structures. The scenario becomes different when studying the temperature dependence of the self-diffusion coefficient at 17.5% and 22.5% mass fractions. The temperature decrease dramatically slows down the normalized self-diffusion coefficient, resulting in a much larger value of the average hydrodynamic radius for the moving units in solutions. This large change in R h indicates that there is formation of dynamic clusters at large concentrations. Therefore, in our experimental conditions, the transition concentration from a monomer phase to a cluster phase is between 10% mass fraction and 17.5% mass fraction. Further measurements are needed to exactly locate the precise transition concentration value. Based on the present data, we have shown conclusively that at large concentrations, the formed dynamic clusters are very sensitive to the temperature change. Our results also indicate that the cluster formation has to be studied with the support of dynamic measurements. Static measurements alone, such as SANS and SAXS, could not unambiguously tell whether there is formation of clusters in concentrated protein solutions.
